Abstract -During the pneumatic conveying of plastic pellets, it has been observed that materials with similar physical characteristics may develop a substantial difference in pressure drop. In this work, the pressure drop in a particle-laden 2.7 meter long horizontal channel with circular cross-section is presented from an experimental perspective. Experiments are carried out for cylindrical polystyrene beads with an average diameter of 3.2 mm and mass loadings of 0.06 to 0.11 (kg particles/kg gas). The air mass flow rate was studied in the range from 0.085 kg/s to 0.170 kg/s. The pressure drop curve is shown as a function of air velocity and particle load. Response surface methodology showed high statistical significance for air velocity, particle load and their cross-relation.
INTRODUCTION
Pneumatic conveying of solid particles in channel or pipe flows is of great technical importance and is characterized by particle phase segregation due to gravity and particle inertia. Due to the presence of the confinement in these systems, the collisions of the solid particles with the walls play an essential role in the particle transport process. The wall collision frequency is directly responsible for the additional pressure drop due to the solids as a result of the momentum and energy loss involved in the deformation process (Adam, 1960; Vásquez et al., 2008) .
A considerable number of industrial and chemical processes use pneumatic conveying systems to transport solids particles such as cereals, minerals, chemicals and pharmaceuticals. Transport of particles occurs by means of gases flowing either in inclined, vertical or horizontal pipes. In most cases, air is used as carrier, but under certain conditions its use can cause hazards such as risks of explosion, fire and environmental contamination (Marcus et al., 1990; Li and Tomita, 2000) .
The advantages of this transport system are the conservation of the product characteristics, prevention of product loss due to environmental damage, good flexibility and low weight of pipelines, and low operating costs. The main disadvantages are the high costs when high pressure is required and the abrasion of the solid materials that can wear down the bottom of pipes when a low solid/air ratio is applied (Molerus, 1996; Hirota et al., 2002) .
A number of experiments were performed in the past aiming at a detailed analysis of particulate flows in pipes and channels, which have been reviewed by Sommerfeld (2003) . Morikawa (1982, 1984 ) studied a gas-solid flow in a horizontal and vertical pipe using different types of relatively large polystyrene spheres. Numerical modeling of pneumatic conveying of solid particles in horizontal tubes has been published by several authors (Kuang et al., 2008; Lain et al., 2009; Sommerfeld and Lain, 2009) , but experimental work is still needed to determine pressure drop curves.
Solid flow in conveying pipelines is usually carried out by applying two different flow techniques: dense phase and dilute phase. In dense phase, a high concentrations of solids, typically greater than 30% v/v, and velocities varying from 1 to 5 m/s are applied. The dense-phase regime has high acquisition, operating and maintenance costs, because it requires high gas pressures (pressures above 20 mbar/m). Dilute-phase conveying operates at solid concentrations lower than 1% v/v and velocities above 20 m/s. The dilute-phase regime has lower cost, but it provokes irregular pipe wear at low transport velocities, mainly in the lower parts of horizontal pipes.
The performance of a pneumatic conveying system in the dilute phase is highly affected by the pressure drop, which in turn depends on several parameters such as material properties, pipe designs and airflow.
The objective of this study was to obtain the pressure drop curve for cylindrical polystyrene particles and to analyze the effects of air velocity and solid load on the pressure drop. Response surface methodology was used to analyze the influence of air velocity and solid load on the pressure drop response.
MATERIALS AND METHODS

Experimental Apparatus
The total length of the cylindrical channel of the experimental apparatus was 4.2 m. The first part of the channel was 1.5 m long and served to get a fully developed gas flow before the feeding point of the polymer particles. The initial part of the cylindrical channel has a flow conditioner, placed 0.9 m after the blower, which serves to homogenize the velocity profile in the pipe flow. The flow conditioner is also intended to accelerate the formation of a fully developed turbulent velocity profile, which is obtained at approximately 25 diameters downstream from the conditioner (Xiong et al., 2005) .
The main component of the experimental apparatus consisted of a cylindrical channel, placed after the feeding point of the particles, with 2.7 m in length and 117 mm in internal diameter. This configuration allowed establishment of a twodimensional flow condition, where gravity breaks down the cylindrical symmetry in the two-phase flow due to particle settling (Figures 1 and 2 Air was introduced by a centrifugal blower (Ventisilva, Brazil) with 100 mm diameter semiopen blades, a 203 mm diameter suction line, and a 102 mm square discharge section attached to a 1 Hp variable rotation motor, to which two extra bearings were added (balanced-blower motor) to assess the mechanical power.
The total pressure and the static pressure were measured by means of Pitot tubes. The tubes consisted of two "L" shaped coaxial tubes 190 mm in length. The inner tube had an internal diameter of 3 mm and the external tube had an internal diameter of 8 mm, and was built following ASME code. The total pressure was obtained by the central tube of the Pitot tube, while the static pressure was obtained by small orifices placed in the wall of the external tube of the Pitot tube. The dynamic pressure was determined as the difference between the total and static pressures. The Pitot tubes were place 0.13 m after the first piezometric ring and 0.53 m after the flow conditioner.
The first, second, third and fourth piezometric rings were placed, respectively, at 0.40 m, 0.60 m, 1.20 m and 3.00 m after the flow conditioner.
The solids were fed from the feeder vessel to the conveying pipe by means of a rotary valve with six radial blades, measuring 92 mm by 42 mm and 76.2 mm in diameter. The solids were discharged into a collector module placed at the end of the horizontal pneumatic conveyor. The particle-distribution analysis module was comprised of nine square section aluminum pipes, to which nylon bags were attached to collect the solid particles (Figure 3 ). The loading, μ (solids mass flow/air mass flow), was controlled by the interaction of the airflow valve and the rotary valve. 
Material
Polystyrene particles (PS) were used in the tests and were provided by BASF. The properties of the polystyrene particles are presented in Table 1 . 
Experiments
The polystyrene pressure drop characteristic curve as a function of the air velocity was built by setting the solid mass flow rates at 0.085 kg/s, 0.13 kg/s and 0.17 kg/s, herein termed G 1 , G 2 and G 3, respectively. The velocity varied from 5 to 35 m/s and the pressures over the carrier were measured with piezometric rings attached to inclined pressure gauges. Minimum and maximum particle loadings under these conditions were respectively 0.5 kg particle/kg air and 7.8 kg particle/kg air.
The distribution of polystyrene in the piping was determined based on the solid mass settled in the nine-pipe collection module, placed at the end of the conveying line; the pipes were numbered as shown in Figure 3 . The mass collected in each bag was used to calculate the mass fraction per unit area, which then allowed calculation of the dispersion of polystyrene in the cross-section of the pipe for all air velocities and solids mass flow rates.
The particle density was calculated for the nine collectors and the points were also treated using surface response methodology. The software Statistica v7.0 was used to generate the particle distribution profile based on the interpolation of the data using the distance-weighted least square method. This method was applied because it gave better fitting of the data for non-symmetrical profiles.
RESULTS AND DISCUSSION
The pressure drop measurements in the horizontal and vertical direction were normalized as ΔP/L, where L is the distance between the pressure taps. Figure 4 shows the pressure drop for the polystyrene particles in the horizontal direction as a function of loading and air velocities. The A'B' section in Figure 4 represents the pressure drop caused by the air flow (solid-free flow rate G 0 = 0) throughout the horizontal transport line. The pressure drop increased as the velocity increased because of internal friction, air-to-wall friction and flow perturbations. The CDE section in Figure 4 represents the pressure drop profile at a solid flow rate of 0.085 kg/s (G 1 ). High air velocity (25 m/s) resulted in a relatively high pressure drop. As the air velocity decreases and the solids mass flow rate is kept constant, the pressure drop reaches a minimum point and then increases because of settling of the solids in the lower section of the horizontal pipes. The same behavior was observed for all solid flow rates (G 2 = 0.13 kg/s and G 3 = 0.17 kg/s).
Response surface methodology was used to analyze the effects of the operating conditions on the pressure drop of polystyrene particles. Table 2 presents the analysis of the perturbation of the factors on pressure drop. The results showed that the solid loading and the quadratic effect of air velocity (v 2 ) were statistically significant at the 99% level of confidence (p < 0.01). Both operating conditions had a positive effect on pressure drop, meaning that an increase in solid loading or in air velocity tends to increase the pressure drop for polystyrene beads. The total pressure gradient increased with increasing solid mass flow rate at constant air velocity. The pressure drop increase at a high solids flow rates can be attributed to higher crosssectional solid concentration in the pipe, creating an extra resistance to air flow through the system. The positive significance at the 99% level of confidence of the quadratic term of air velocity indicates that an increase in air velocity will have a much higher influence on pressure drop than the solid loading. The cross-interaction between air velocity and solid loading was negative, which means that, under certain operating conditions, a minimum in the pressure drop can be found, as observed in Figure 4 .
The pressure drop for air flow in the pipe (G = 0) can be expressed by Equation (1) The pressure drop for two-phase flow in the horizontal pipe (G = 0.085 to G = 0.17) can be expressed by Equation (2) 
where ΔP/ΔL is the pressure drop (mm/m), G is the solid flow rate (kg/s) and v is the air flow rate (m/s). 
where ΔP/ΔL is the pressure drop (Pa/m), G is the solid flow rate (kg/s) and v is the air flow rate (m/s).
To become universally valid for any pipe diameter, Equation (3) can be redefined as shown in Equation (4) 
where ΔP/ΔL is the pressure drop (Pa/m), D is the pipe diameter (m), G is the solid flow rate (kg/s), g is the acceleration due to gravity (m/s 2 ), v is the air flow rate (m/s), and ρ a is the air density (kg/m 3 ). The regression model for the pressure drop of polystyrene particles in horizontal pipes and for the pressure drop of air flow in horizontal pipes was validated by means of the F-test (Table 3) . The results of the F-test showed that the calculated Fvalue was more than 4 times higher than the listed Fvalue (for 95% confidence level), indicating that the regression model is valid and can be used for the prediction of the pressure drop of polystyrene particles in horizontal pipes. A plot of the predicted values and the observed values is shown in Figure 5 .
Solids are totally suspended in the air stream when the air velocity high. As the air velocity is reduced, the solids move more slowly and tend to settle in the lower section of the pipeline. When the air velocity is insufficient to keep all particles suspended, the particles start settling at the bottom of the pipe until total choking of the cross-section occurs (Rhodes, 2000) . At this point, the solids are transported in the dense phase along the bottom of the pipe. This point marks the boundary between the dilute and dense phases of pneumatic conveying in a horizontal line. Vásquez et al. (2008) have studied pressure drop curves for 4 mm polyethylene particles (hard and soft particles) for velocities between 15 and 30 m/s and solid load/air mass flows between 0.5 and 2.5. The results obtained by Vásquez et al. (2008) are similar to the pressure drop for polystyrene particles obtained herein. Vásquez et al. (2008) claimed that the increased pressure drop is in part due to the multiple times that the particles must be reaccelerated during their transit through the conveying system. Additionally, intense bouncing increases the difference in axial velocity between the solids and the air, increasing the drag force on the particles.
Tomita and Asou (2009) studied the transport of polyethylene particles in a horizontal pipe at very low velocity (< 8 m/s). They observed a high pressure loss, like the trend reported in this study for low air velocities, which could also be fit by an equation similar to Equation (3). The same typical result was observed by Pahk and Klinzing (2008) for polystyrene particles, but at high air velocity and for a slightly bigger particle diameter (3.9 mm).
The pressure drop for pneumatic conveying in horizontal pipes can also be fit by an equation that considers the velocity of gas flow, pipe diameter, gas density, particle loading and the particle friction factor. The particle friction factor, however, is difficult to calculate and several correlations exist for its estimation. Usually the particle friction factor depends on the velocity of gas flow, the velocity of the particles, the pipe diameter, the gas density, the particle loading, the drag coefficient, the particle diameter and the gas viscosity (Klinzing et al, 1997) . The equation proposed herein for estimating the pressure drop in horizontal pneumatic conveying of polystyrene particles may be used as a substitute for more complex equations. Figure 6 shows that a non-uniform particle distribution in the cross-section of the tube may occur, even far from the minimum pressure drop points. At the highest air velocity (23 m/s) and the lowest solids flow rate (0.085 kg/s), the solids were in large part transported near the bottom of the pipe, with 83% of the polystyrene particles present in the collectors 7, 8 and 9 (Figure 3) . The transport of polystyrene particles in the pipe was not uniformly distributed under any operating condition. The best distribution was found when the pneumatic transport was operated at high air velocity and low polyethylene flow rates. Even then, 68% of the particles were moving along the bottom of the pipe and only 16% of the particles were collected in the upper level of the pipe.
The particle distribution in the cross-section of the tube obtained in this work was similar to the particle density profiles for horizontal pipe flow obtained by advanced techniques such as extended Laser Doppler Anemometry (LDA). Lu et al. (2009) studied the transport of glass beads by using the extended LDA technique and reported particle distributions similar to the ones obtained herein.
The Stokes number for all conditions applied herein was higher than 1, indicating that the particle motion is independent of the carrier gas flow, as it was not able to respond to its changes. The lowest Stokes number calculated for the two-phase flow was 1.53, obtained at an air flow velocity of 5 m/s, which is near the theoretical boundary between a rapid and a slow response time of the particles to a change in air velocity. The highest Stokes number calculated for the two-phase flow was 10.7, obtained at an air flow velocity of 35 m/s.
The results suggest that the pressure drop curves as a function of the air velocity and of the solids mass flow rates must be coupled with data concerning the particle distribution in the pipe's cross-section in order to enhance the design and analysis of dilute-phase pneumatic conveying systems. 
CONCLUSIONS
Polystyrene presented a non-uniform particle distribution in horizontal pneumatic transport in pipes. Transport of cylindrical polystyrene particles is mainly in the lower sections of the pipe, even at low solid loads and high air velocities. The best distribution was found when the system was operated at high air velocity and low polystyrene loads. The results show the importance of studying the dispersion of particles and the characteristic curve of the system.
